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The availability of complete genome sequences for 12 Drosophila species provides an unprecedented resource for large-
scale studies of genome evolution. In this study, we looked for correlated shifts in the patterns of genome and proteome
evolution within the genus Drosophila. Speciﬁcally, we asked if the nucleotide composition of the Drosophila willistoni
genome—which is signiﬁcantly less GC rich than the other 11 sequenced Drosophila genomes—is reﬂected in an altered
pattern of amino acid substitutions in the encoded proteins. Our results show that this is indeed the case: There are large
and highly signiﬁcant asymmetries in the patterns of amino acid substitution between D. willistoni and Drosophila
melanogaster, and they are in the direction predicted by the nucleotide biases. The implication of this result, combined
with previous studies on long-term proteome evolution, is that substitutional biases at the DNA level can be a major
factor in determining both the long-term and the short-term directions of proteome evolution.
Introduction
Molecular sequence data have provided major insights
into the process of biological evolution. Essentially, the
positive correlation between levels of sequence divergence
and the time since the existence of a common ancestor al-
lows us to use sequence divergence as a ‘‘molecular clock’’
(King and Jukes 1969; Zuckerkandl 1972). Many studies
have demonstrated, however, that this is not a simple clock;
there are many factors in addition to the age of the common
ancestor that affect the rate of sequence divergence (Roger
and Hug 2006). One obvious complicating factor is natural
selection, which canacttoeitherconstrain sequencechange
in order to conserve biological function or can accelerate
change in cases of positive selection (Yang 1998; Yang
and Nielsen 2002). In addition to natural selection, varia-
tions in the rate and direction of both mutation and
DNA repair can also have a major impact on the patterns
of sequence divergence. For example, it has been shown
that molecular phylogenies of eukaryotes based on ribo-
somal RNA sequences are affected by biases in the nucle-
otide composition of those sequences (Hasegawa and
Hashimoto 1993). Subsequently, many studies have shown
that nucleotide bias—usually expressed as GC content—is
a pervasive phenomenon (Sueoka 1992), and a host of
sophisticated statistical techniques have been developed
to minimize its effects on phylogenetic reconstruction
(Lockhart et al. 1994; Van Den Bussche et al. 1998; Wang
et al. 2008).
One approach to avoid the problem of biased nucleo-
tide content has been to construct phylogenies based on the
encoded protein sequences rather than on the DNA sequen-
ces themselves (Hashimoto et al. 1994). This reduces the
problem because the most extreme compositional bias is
observed at synonymous sites that do not affect the amino
acid sequence. Nevertheless, the problem still persists for
protein-based phylogenies because compositionally biased
DNA sequences encode biased amino acid sequences
(Lobry 1997; Foster et al. 1997; Singer and Hickey
2000; Knight et al. 2001; Wang et al. 2004). The problem
is especially troublesome in the case of genome-wide com-
positional biases because, in these cases, adding more data
simply compounds the problem (Foster and Hickey 1999;
Leigh et al. 2008; Wang et al. 2008).
Previous studies of compositional bias have involved
comparisons of widely diverged lineages. This is because
more closely related organisms tend to have, on average,
more similar nucleotide and amino acid compositions.
However,theextensivegenomicdatathatarenowavailable
for the genus Drosophila (Ashburner 2007; Drosophila 12
Genomes Consortium 2007) provide us with the possibility
of looking at broadscale patterns of nucleotide and protein
evolution over a relatively short evolutionary period. Spe-
ciﬁcally, in this case, there are different species within the
same genus that show distinctly different nucleotide com-
positions.Thisallowsustolookattheshortertermevolution-
aryeffectsofsubstitutionbiases,bothattheDNAandprotein
levels. In other words, we have focused particularly on the
minority of sites where evolutionary change has happened
between related sequences, that is, the nonconserved sites.
Materials and Methods
Data Collection
We downloaded the complete set of aligned protein-
coding DNA sequences from all 12 Drosophila species
from Fly Base Genome project (ftp://ftp.ﬂybase.net). From
this set, we extracted only the aligned sequences for Dro-
sophila melanogaster and Drosophila willistoni. Out of the
9,850 ﬁles with paired sequences from the two species, we
generated a nonredundant gene set by removing genes that
have two or more copies encoding identical (100%) protein
sequences (only one was chosen). We also tried to avoid
possible alignment errors by removing gene pairs that
showed a large number of multiple consecutive changes.
After this ﬁltering of the data, we obtained 7,780 gene
pairs. The aligned sequences were then scanned for gaps,
and we removed codons from gapped regions in either
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11,290,860 bases. The aligned sequences were then com-
pared site by site for both nucleotide and amino acid
substitutions.
Data Analysis
All statistical tests were performed using the R statis-
tical package (http://www.R-project.org). Kolmogorov–
Smirnov tests (KS tests, Marsaglia et al. 2003) were used
to detect signiﬁcantdifferences between thealigned D.mel-
anogaster and D. willistoni DNA and protein sequences.
These tests were applied to both the concatenated genome
sequences and the collection of individual gene sequences.
A computer program (available upon request) was im-
plemented to allow analysis of conserved and variable sites.
The software scans the reading frames of all gene sequence
ﬁles and counts conserved and nonconserved nucleotide
sites. The program then produces a 64-by-64 codon substi-
tution matrix, with each row corresponding to the occurren-
ces in D. willistoni and each column to the occurrences in
D. melanogaster, respectively (supplementary table S1,
Supplementary Material online). In silico translation of this
codon matrix was used to produce a 20-by-20 amino acid
substitution matrix (supplementary table S2, Supplemen-
tary Material online). These matrices were then used to ex-
tract information about the overall patterns of nucleotide
and amino acid substitutions (see Results).
The nonconserved sites in the DNA alignments were
subdivided into synonymous and nonsynonymous substitu-
tions. The latter—which result in amino acid substitu-
tions—were further subdivided into those that alter the
number of amino acids encoded by GC-rich or AT-rich co-
dons. Codons were classiﬁed as being GC rich, GC neutral,
or GC poor according to the classiﬁcation used previously
(Foster et al. 1997; Singer and Hickey 2000).
Results
First, we compared the nucleotide composition of the
D. willistoni genome with that of the extensively studied
D. melanogaster. Our ﬁnal DNA sequence data set contains
approximately 11.3 million bp from each of these two spe-
cies. When the sequences are aligned, there are a total of
3,157,787 nonconserved nucleotides (27.9%). It is already
knownthat thegenomeof D.willistoni hasa lowerGC con-
tent than that of other Drosophila species such as D. mel-
anogaster (Drosophila 12 Genomes Consortium 2007;
Vicario et al. 2007). But since there is greater than 70%
sequence identity between homologous coding sequences
from these two species and since the identical sites neces-
sarily have identical GC contents, the global difference in
GC content underestimates the differences at those sites
where nucleotide divergence has occurred. This effect is
shown in ﬁgure 1. Although we see a marked difference
in nucleotide content between the two species (ﬁg. 1A), this
differencebecomesmuchgreaterwhenweconsiderthevar-
iable sites only (ﬁg. 1B). From this ﬁgure, we also see that
the reduction in GC content in the D. willistoni genome in-
volves both G and C nucleotides, with a concomitant in-
crease in both A and T nucleotides. These differences in
GC content at the variable sites are statistically highly sig-
niﬁcant (KS test; Marsaglia et al. 2003; D 5 0.8913, P  
0.00001). The fact that the GC content of the D. willistoni
genome is signiﬁcantly lower than the average of the other
11 species strongly suggests that there has been a reduction
in the GC content of the D. willistoni genome rather than an
increase in the other 11 genomes. We conﬁrmed the direc-
tion of the change by comparing with the GC content at
4-fold degenerate sites in D. willistoni with both the other
eight species within the subgenus Sophophora and with
the three outgroup species that fall within the subgenus
Drosophila (Drosophila virilis, Drosophila grimshawi,a n d
FIG. 1.—Differences in nucleotide content between the coding sequences of D. melanogaster and D. willistoni. Panel (A) shows a comparison of
the frequency of each nucleotide in both species based on all aligned nucleotide sites (conserved and nonconserved). The results for D. melanogaster
are shown in red and those for D. willistoni are shown in blue. Panel (B) shows the same comparison as in Panel but limited to the nonconserved, that is,
variable, sites only. These frequency differences between the two species were highly signiﬁcant (P   0.00001).
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these sites (51%) is signiﬁcantly lower (P , 0.0001) than
the average of the other Sophophora species (68%; see
Vicarioetal.2007).Itisalsosigniﬁcantlylower(P , 0.01)
than the average value for the three outgroup species
(64.4%). Thus, it is reasonable to conclude that there has
been a reduction in GC content within the D. willistoni ge-
nome rather than an increase in the other 11 genomes. Be-
cause the results reported by Vicario et al. (2007) are based
on all coding sequences—and not just onaligned sequences
as we used here—we double checked that this did not bias
the results. Speciﬁcally, we aligned the sequences of the
outgroup species, D. virilis,w i t hD. melanogaster and
D. willistoni, and we then calculated the GC content at
the third codon position of the aligned sequences. The re-
sult, 64% GC, is entirely consistent with the value of 64.4%
reported by Vicario et al. (2007) for the average of the three
outgroup species. In addition to using the outgroup com-
parison, there is a more direct method for inferring the
GC content of the common ancestor of D. melanogaster
and D. willistoni; that is to calculate the GC content of
the conserved sites, that is, those sites which have remained
unchanged since the time of species divergence. The GC
content of the third codon position at conserved sites is
65%, which is close to the value of 68% GC at the variable
sites in D. melanogaster; more important, it is much higher
than the value of 34% GC at the variable sites in D. willi-
stoni. This provides further conﬁrmation that the trend has
been toward a reduction in GC content in the D. willistoni
lineage since its divergence from D. melanogaster.
We then investigated the distribution of the interspe-
ciﬁc nucleotide changes among the three codon positions
(see ﬁg. 2). The results are again highly signiﬁcant for each
of the three codon positions (ﬁrst codon position
D 5 0.7049, second codon position D 5 0.2582, third co-
don position D 5 0.9613, and P   0.00001 in all three
cases). As expected, the majority of the changes occur at
the largely synonymous third codon position (supplemen-
tary ﬁg. S1, Supplementary Material online), and greatest
degree of nucleotide bias is also seen at this position
(ﬁg. 2; supplementary ﬁg. S1, Supplementary Material on-
line). If we focus on 4-fold degenerate codons only, we see
that the trend is highly consistent among the ﬁve codon
groups (see supplementary ﬁg. S2, Supplementary Material
online); A and T ending codons are generally more frequent
inD.willistoni,whereas GandCending codonsaremorein
D. melanogaster. A less expected ﬁnding was that a signif-
icant difference in GC content occurs at the second codon
position (ﬁg. 2). Because changes at the second codon
position lead to changes in the amino acid sequence, this
led us to predict that the differences in GC content would
be reﬂected in differences in the amino acid contents of the
encoded proteins, especially at the nonconserved sites.
In order to assess the effect of nucleotide bias on
amino acid substitutions, the amino acids were categorized
into three groups: 1) those encoded by GC-rich codons—
Glycine, Alanine, Arginine, and Proline; 2) those encoded
by GC-poor codons—Phenylalanine, Tyrosine, Methio-
nine, Isoleucine, Asparagine, and Lysine; and 3) those en-
coded by GC-neutral codons—Serine, Aspartate,
Glutamate, Valine, Threonine, Leucine, Histidine, Cyste-
ine, Tryptophan, and Glutamine. Figure 3A shows a com-
parison of the numbers of the ﬁrst category (G, A, R, P) at
the nonconserved sites between the two proteomes. The
D. willistoni proteome has 31,959 fewer of these amino
acids than the homologous sequences from D. melanogaster
(see table 1). Not only are there differences between the
two species when we group these four amino acids into
FIG. 2.—GC content at each of the three codon positions. The results
for D. melanogaster are shown in red and those for D. willistoni are shown
in blue. These data are based on the nucleotide frequencies at variable sites
(see ﬁg. 1B). As can be seen from this ﬁgure, D. melanogaster has a higher
GC content at each of the three codon positions than does D. willistoni.
The absolute numbers of GC nucleotide pairs at each position are shown in
supplementary ﬁgure S1 (Supplementary Material online).
FIG. 3.—Interspeciﬁc differences in amino acid content of
homologous protein sequences at nonconserved sites. Panel (A): number
of amino acids encoded by GC-rich codons in each of the two species. In
this Panel, all four of the amino acids that encoded by GC-rich codons (G,
A, R, P) are grouped together. The number in D. melanogaster is shown
by a red bar and the number in D. willistoni by a blue bar. Panel (B): this
panel shows the data for each of the four amino acids—Gly, Ala, Arg, and
Pro—separately. The color coding is the same as in Panel (A).
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the four amino acids separately (ﬁg. 3B). A similar, but op-
positetrendisseenfortheaminoacidsencodedbyGC-poor
codons (see supplementary ﬁg.S3,SupplementaryMaterial
online).Theasymmetriesintheaminoacidsubstitutionma-
trix are summarized qualitatively in ﬁgure 4. From this ﬁg-
ure, it is clear that there is pervasive tendency for the D.
willistoniproteome tolose aminoacids encoded byGC-rich
codons and to gain amino acids encoded by GC-poor co-
dons. Out of the 780,000 (approximately) amino acid sub-
stitutionsbetweenthealignedproteomesequences,thereare
272,000 substitutions in the direction predicted by the nu-
cleotide bias and 221,000 in the opposite direction—a dif-
ference of more than 50,000 amino acid substitutions
(see table 1). This difference is highly signiﬁcant (P  
0.00001).
Discussion
Our results show that the difference in GC content be-
tween the D. willistoni and D. melanogaster genomes is re-
ﬂected in a bias in the amino acid substitution pattern of
their proteomes. Of course, one could ask if this correlation
between nucleotide bias and amino acid bias was due to
selection for certain amino acids at the protein level, rather
than a substitution bias at the DNA level. If we look at nu-
cleotide changes at 4-fold degenerate synonymous sites, we
can resolve this question because selection at the protein
level would not affect these sites. At these sites, the nucle-
otide difference is even more marked—68% GC in D.
melanogaster and 51% GC in D. willistoni. Moreover,
the nucleotide bias affects all ﬁve 4-fold synonymous
groups (see supplementary ﬁg. S2, Supplementary Material
online). This is also true for the 6-fold degenerate codons,
for example, Arginine codons (see supplementary ﬁg. 4,
SupplementaryMaterialonline).Moreover,thesamenucle-
otide bias is also seen in noncoding regions. This can be
illustrated by comparing the average GC content of introns
within the D. willistoni genome (35% GC) with the average
for the other eight species within the Sophophora subgenus
(42% GC); this difference in the nucleotide content of in-
trons is also statistically signiﬁcant (P , 0.0001). Thus,
there is an underlying and pervasive DNA substitution bias
that affects all nucleotide sites; the effect at synonymous
sites is dramatic, whereas, at nonsynonymous sites, the ef-
fect is less dramatic but it is still highly signiﬁcant.
Our study focused on the evolutionary effects of nu-
cleotide bias rather than on the molecular causes of these
biases. It is generally agreed that the nucleotide bias is
the result of an interplay between AT-biased mutation
and GC-biased DNA repair (Brown and Jiricny 1988).
Gene conversion, which involves heteroduplex repair,
has been shown to result in increased GC content, both
in Drosophila (Hickey et al. 1991) and in mammals (Galtier
2003). Over the course of evolution, there is a shifting bal-
ance between mutation and repair, resulting in ﬂuctuating
GC content that can be modeled as a Brownian motion pro-
cess (Haywood-Farmer and Otto 2003). In the case of the
D. willistoni genome, the decreased GC content could be
explained by some combination of increased AT-biased
mutation and/or decreased levels of GC-biased repair.
DNA substitution biases, if they persist for a long pe-
riods of evolutionary time, can have profound effects on the
overall composition of both genomes and proteomes
(Lobry 1997; Foster et al. 1997; Singer and Hickey
2000; Knight et al. 2001; Wang et al. 2004). At the early
stages of the process, however, the cumulative effect is not
so obvious because the majority of sites have not yet un-
dergone a substitution. Thus, a simple calculation of overall
GC content and amino acid composition does not reﬂect the
amount of bias that is actually occurring at the sites under-
going substitution. A more accurate estimate is obtained if
Table 1
Amino Acid Substitution Matrix between D. melanogaster and D. willistoni Homologous Sequences
GARP CDEHLQSTVW FYMINK Totals (D. willistoni)
GARP 41,338 96,162 26,376 163,876
CDEHLQSTVW 117,200 207,916 98,625 423,741
FYMINK 37,297 117,613 36,847 191,757
Totals (D. melanogaster) 195,835 421,691 161,848 779,374
NOTE.—This summary table contains the amino acids at variable sites only. The amino acids are grouped into those encoded by GC-rich codons (G, A, R, and P), those
encoded by GC-neutral codons (C, D, E, H, L, Q, S, T, V, and W), and those encoded by GC-poor codons (F, Y, M, I, N, and K).
FIG. 4.—Biased patterns of amino acid substitution between
D. melanogaster and D. willistoni protein sequences. We constructed
an amino acid substitution matrix between the two species (see
supplementary table S2, Supplementary Material online). Differences
between the upper and lower diagonals were then color coded as follows
to illustrate the asymmetry in the matrix. Differences of 250 or greater are
shown in red; differences between 50 and 250 are shown in orange; and
differences less than 50 are uncolored. Similarly, large negative values are
shown in dark blue and intermediate negative values in light blue.
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undergone substitution, as we have done in this study. Then
it becomes clear that the effect is very pronounced, even in
the short term.
Although the D. willistoni genome has been losing
GC-rich codons and gaining AT-rich codons, this has
not occurred through a direct substitution of GC-rich co-
dons with AT-rich codons. Instead, it occurs by a two-step
process whereby GC-rich codons become GC-neutral and
GC-neutralcodonsbecomeGC-poor(i.e.,AT-rich).Forex-
ample, if we look at the amino acid substitutions involving
the abundant GC-neutral Serine codons (see supplementary
table S2, Supplementary Material online), we see that
D. willistoni gains 37,514 Serine codons from the GC-rich
codons (encoding amino acids G, A, R, and P) of D.
melanogaster, whereas it loses only 31,156 Serine codons
to the same class—a difference of more than 6,000 codons.
In other words, GC-neutral codons such as those encoding
Serine act as an intermediate, ‘‘ﬂow through’’ step in the
biased transformation of the amino acid composition of
the D. willistoni proteome.
Although the nucleotide bias affects all codons
equally, the countervailing selective pressure at the protein
level varies depending on the encoded amino acid (see
Urbina et al. 2006). We can see evidence for these differ-
ential selective constraints in our data also. For example,
there are relatively few substitutions involving the highly
conserved amino acids Cysteine and Tryptophan (see sup-
plementary table S1, Supplementary Material online). On
the other hand, there are many substitutions involving bio-
chemically similar amino acid pairs such as Lysine and
Arginine, and these substitutions are asymmetric, consis-
tent with the nucleotide bias. For example, the D. willistoni
genome has gained approximately 500 more Lysines (en-
coded by AT-rich codons) from Arginine codons than it has
lost.Asexpected,therearealsomanysubstitutionsbetween
the biochemically similar Isoleucine and Valine residues,
but there is an approximately 7,000 excess Valine-to-
Isoleucine changes from the D. melanogaster sequences
to the D. willistoni sequences (see supplementary table
S1, Supplementary Material online). This excess is ex-
pected because Isoleucine is encoded by more AT-rich co-
dons than Valine.
All the four amino acids that are encoded by GC-rich
codons follow the predicted trend (see ﬁg. 3B). Although
the AT-rich group as a whole follows the predicted trend,
this does not apply to all six of the amino acids when scored
individually (see supplementary ﬁg. 3, Supplementary Ma-
terial online). For example, Methionine (M) is not enriched
at the variable sites in D. willistoni and Phenylalanine (F)
appears to counter the prediction. This counterintuitive re-
sult can be explained, however, by a more detailed look at
the codon substitution table (supplementary table S1, Sup-
plementaryMaterialonline).We seethat there isa tendency
for the ATG Methionine codons to be converted into even
more AT-rich Isoleucine codon, ATA. Likewise, the deﬁ-
ciencyofPhenylalaninecodonscanbeexplainedbythefact
thatPhenylalanineisalsoconvertedintoevenmoreAT-rich
codons. For example, there are only 565 substitutions of the
TAT codon (encoding Tyrosine) by TTC (encoding
Phenylalanine), but there are 2,587 substitutions in the
oppositedirection. Inother words, thedeﬁciencyin Phenyl-
alanine codons in D. willistoni is not because they have mu-
tated to more GC-rich codons (which would be against the
prediction)butbecause theTTCcodonsbeensubstitutedby
even more AT-rich codons such as TAT.
In summary, our results show that substitution biases
can affect protein evolution and that the direction of such
biases can change relatively rapidly over the course of evo-
lution (within the genus Drosophila in this case). An impor-
tant practical implication of our work is that substitution
bias between related sequences may not be evident when
one simply compares the nucleotide or amino acid compo-
sition of the entire sequences. This is because the majority
of the sites, which are by deﬁnition invariant in closely re-
lated sequences, tend to mask the differences at the variant
sites.Itisnecessarytolookspeciﬁcallyatthevariantsitesin
order to get an accurate estimate of the amount of bias.
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